The PhoP-PhoQ two-component system is necessary for the virulence of Salmonella spp. and is responsible for regulating several modifications of the lipopolysaccharide (LPS). Mutagenesis of the transcriptional regulator phoP resulted in the identification of a mutant able to activate transcription of regulated genes ϳ100-fold in the absence of PhoQ. Sequence analysis showed two single-base alterations resulting in amino acid changes at positions 93 (S93N) and 203 (Q203R). These mutations were individually created, and although each resulted in a constitutive phenotype, the double mutant displayed a synergistic effect both in the induction of PhoP-activated gene expression and in resistance to antimicrobial peptides. The constitutive phoP gene was placed under the control of an arabinose-inducible promoter to examine the kinetics of PhoP-activated gene induction and the resultant modifications of LPS. Gene induction and 2-hydroxymyristate modification of the lipid A were shown to occur within minutes of the addition of arabinose and to peak at 4 h. As the first constitutive mutant of phoP identified, this allele will be invaluable to future genetic and biochemical studies of this and likely other regulatory systems.
The PhoP-PhoQ two-component regulatory system controls the expression of genes necessary for virulence and survival of salmonellae within host macrophages (7, 18, 23) . Within the macrophage phagosome, PhoP-PhoQ is activated to induce gene transcription (1) . The regulated genes include those necessary for modification of lipopolysaccharide (LPS) and resistance to the action of antimicrobial peptides, which likely increase bacterial survival within macrophages (10, 13) . Additionally, PhoPPhoQ is involved in the regulation of magnesium transport (9) , resistance to the action of bile (32) , and secretion of proteins by a type III mechanism (27) .
PhoQ is a predicted transmembrane protein with a single periplasmic domain encompassing amino acids 44 to 191 (11) . Evidence suggests that this periplasmic domain binds environmental factors such as Mg 2ϩ (33, 34) . PhoQ is a kinase that, upon sensing environmental signals, activates the DNA binding function of PhoP through a phosphorylation event (11) leading to PhoP-regulated gene activation.
Constitutive activation of two-component regulators has been reported for several systems in a variety of bacterial species (16, 17, 19, 28) . Previously, a Salmonella enterica serovar Typhimurium phoP locus mutant (pho24) was isolated that constitutively expressed PhoP-activated genes (pag) and repressed PhoP-repressed genes (prg) (21, 24) . This mutation mapped to the gene encoding the membrane-bound kinase PhoQ (change from Thr to Ile at position 48), and not that encoding the DNA binding protein PhoP (11) . The pho24 allele has a pleiotropic affect on S. enterica serovar Typhimurium virulence, including the attenuation of mouse virulence and survival within cultured macrophages, which suggested a temporal importance in the shift to PhoP-PhoQ activation during infection. This study describes the identification and characterization of a constitutive mutant of this regulatory system located in PhoP. The identification of this mutant will aid current and future studies of the signal transduction process and the interaction of PhoP with regulated gene promoters.
Identification and characterization of constitutive phoP mutants. To generate mutations in the phoP gene, the following protocol was used. PCR primers were designed to bind to the 5Ј and 3Ј ends of the phoP gene, such that the 3Ј primer contained a PstI site at its terminus and the 5Ј primer contained a BamHI site at its terminus (JG31 and JG39, respectively). The 5Ј primer contained the native ATG start codon with the BamHI site directly upstream of this translational start site. Upon amplification by PCR, the phoP gene was cloned into M13mp18 via the BamHI and PstI sites. Single-stranded DNA (ssDNA) was purified from M13 phage. Approximately 10 g of ssDNA was incubated in a 25-l final volume with hydrazine (2 and 3.36 M final concentrations) or formic acid (3.7 and 6 M final concentrations) for 10 min at room temperature or sodium nitrite (1.2 M final concentration) for 60 min at room temperature. After chemical treatment, DNAs were diluted to 200 l, precipitated, and resuspended in 20 l of water. A 4-l aliquot of each mutagenized DNA was then PCR amplified with primers at the 3Ј end (JG31) and 5Ј end (JG45) of the DNA. JG45 is similar to JG39, except it contains an XbaI site and the native ribosome binding site at its 5Ј terminus in place of the BamHI site. The PCR products were digested with XbaI and PstI and cloned into the low-copy vector pWSK29 (8) , in which the phoP gene is transcribed from the lac promoter of the vector. A portion of each ligation was electroporated into Escherichia coli DH5␣. Following growth of cells in the entire ligation mix overnight in the presence of ampicillin, plasmid DNA was isolated. As a first screen, strain SIM547, which is a derivative of LB5010 (R-M ϩ galE recA phoP::Tn10d), was transformed with the isolated DNA. The S. enterica serovar Typhimurium phoN gene encodes a nonspecific acid phosphatase and controls the blue color phenotype of cells on agar plates containing the chromogenic substrate XP (5-bromo-4-chloro-3-indolylphosphate) (21) . phoN is transcriptionally activated by PhoP-PhoQ, and because SIM547 is PhoP-PhoQ null, this strain is white on plates containing XP. Upon transformation of SIM547 with each of the mutagenized pools, several blue colonies (n ϭ 35) were observed (2 M hydrazine, 11.5% blue; 3.36 M hydrazine, 33% blue; 3.7 M formic acid, 2.8% blue; 6 M formic acid, 11% blue; and 1.2 M sodium nitrite, 9.3% blue). The plasmid DNA of all 35 blue colonies identified was isolated and transformed into two strains: JSG465, which is PhoP-PhoQ null and carries a transposongenerated fusion to a gene whose transcription is increased when PhoP-PhoQ is activated (pagB::MudJ); and JSG225, which contains a TnphoA insertion in pagD and is phenotypically PhoP-PhoQ null (PhoP Ϫ ) and PhoN Ϫ (phoN2 zxx:: 6251dTn10-CAM [85% linked to phoN]). Of the 35 plasmids, only one (plasmid pPC3-2 from the 2 M hydrazine pool) resulted in considerable activation of the fusion protein in both JSG465 and JSG225. Several possibilities exist for the lack of activation of the other plasmids identified in the first screen. For example, phoN may require smaller amounts of active PhoP than pagB or pagD for activation, or, alternatively, the pool of SIM547 cells used for the transformation may have contained those with a phoN mutation, allowing expression in the absence of PhoP. The latter is less likely because the percentage of blue isolates increased with increasing concentrations of hydrazine or formic acid used with the DNA. Table  1 shows the ␤-galactosidase or alkaline phosphatase activities of the pho24 strain with each of the reporter fusions examined, as well as those of various strains containing either pPC3-2 or a wild-type (control) phoP plasmid (pWSK200). These data show that pPC3-2 results in 94-and 63-fold activations of pagD and pagB, respectively. In addition, slightly higher levels of PhoP-activated gene transcription were observed with pPC3-2 than with the pho24 (PhoQ constitutive) mutation. Therefore, this represents the first mutant of the virulence regulatory protein PhoP that is able to activate genes of the PhoP regulon in the absence of PhoQ signaling.
Analysis of the pPC3-2-mediated PhoP-constitutive phenotype. S. enterica serovar Typhimurium strains containing the pho24 allele activate and repress the production of a number of proteins (Pag and Prg) that are obvious by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. In addition, activation of the regulon results in a variety of distinguishing phenotypes, including increased resistance to certain antimicrobial peptides (10, 12, 25) , which are potent antibacterial factors that are ubiquitous in the animal and plant kingdoms (2, 36) . Therefore, strains carrying the pPC3-2 plasmid were examined by SDS-PAGE for alteration of protein expression and for altered resistance to antimicrobial peptides. Whole-cell lysates of the PhoP Ϫ and PhoP c (pho24) strains and of PhoP Ϫ strain with pPC3-2 were prepared from overnight cultures as previously described (11) and electrophoresed on a 10% polyacrylamide gel. As seen in from PhoP Ϫ lysate at several locations (the most obvious of which are marked by an arrow). Therefore, the protein pattern imparted by the pPC3-2 plasmid appears to be the "constitutive pattern" and is accomplished in the absence of PhoQ. In addition to the similarities in protein profiles of the pPC3-2-containing strain and the PhoQ-Ile48 mutant strain, there exist some protein differences between these strains, including differences in intensity between some common activated species. This may be due to slight differences in promoter affinity between the mutant and the wild-type phoP alleles.
To examine the antimicrobial peptide resistance phenotype, MIC assays were conducted with the PhoP Ϫ strain carrying pPC3-2 or the control plasmid pWSK200. The results showed that the PhoP Ϫ strain with pPC3-2 had an eightfold increase in resistance to PG-1, an 18-amino-acid peptide with a ␤-sheet structure isolated from porcine neutrophils (data not shown). Therefore, the presence of the pPC3-2 plasmid resulted in increased resistance to antimicrobial peptides, which was previously known to depend upon the level of activated PhoP in the cell.
DNA sequencing and site-directed mutagenesis determine the genetic basis of the pPC3-2-mediated PhoP-constitutive phenotype. To determine the genetic basis of the constitutive phenotype associated with plasmid pPC3-2, the phoP gene was sequenced. Sequence analysis showed two mutations: a G3A at base position 418, resulting in an S3N alteration at amino acid 93; and an A3G at base position 748, resulting in a Q3R alteration at amino acid 203 (base positions correspond to those defined by Miller et al. [23] ; GenBank accession no. M24424). These residues flank consensus regions near the amino and carboxy termini and are novel among OmpR family regulatory protein constitutive mutations that have been identified (Fig. 2) . Interestingly, OmpR, PmrA, and VirG constitutive mutations that have been identified also frequently flank or are located within consensus regions (3, 16, 17, 19, 20, 26, 28, 29, 31) . To determine if one or both of these mutations was sufficient for the observed constitutive phenotype, each mutation was constructed by site-directed mutagenesis. Primers JG68 and JG69 were made to contain the mutations at bases 418 and 748, respectively. Mutagenesis was accomplished with FIG. 2. Protein alignment of OmpR-type regulators with known constitutive mutations. The protein sequences aligned include those of PhoP (GenBank accession no. M24424), PmrA (accession no. L13395), OmpR (accession no. J01656), and VirG (29) . Circled residues with arrows denote those changes that have been shown to result in a constitutive phenotype. Highly conserved consensus regions located near these sites, including the aspartic acid residue (D) predicted to be a site of phosphorylation, are boxed.
the Muta-Gene phagemid kit (Bio-Rad) and confirmed by DNA sequence analysis. The resulting plasmids, pPSK200-691 (containing the 784 A3G mutation) and pPSK200-7974 (containing the 418 G3A mutation), were transformed into strain JSG225. Upon analysis of alkaline phosphatase activity, it was shown that both mutations resulted in activation of the pagD:: TnphoA fusion, with PhoP S93N resulting in 65-fold activation and PhoP Q203R resulting in 15-fold activation. These activities, though, were less than that of both mutations together (94-fold activation). As further verification of the constitutive phenotype imparted by the PhoP S93N and PhoP Q203R single mutations, strains carrying the mutant plasmids were examined in the peptide resistance assay. Both single mutations resulted in a MIC requirement that was intermediate between that of the negative control and that of the strain carrying both mutations together (data not shown). This further suggests that these mutations act synergistically to result in the observed high-level PhoP activation.
Use of the constitutive phoP gene to determine the kinetics of pag activation and LPS modification. It has been shown by Garcia-Vescovi et al. (9) that upon chelation of Mg 2ϩ in the media, activation of a PhoP-regulated locus, psiD, occurs rapidly and peaks by 5 h. We placed the constitutive phoP gene under the control of an arabinose-inducible promoter and used this to determine the kinetics of activation of several pag genes as well as the modification of lipid A with 2-hydroxymyristate, which can be added as a result of activation of an unknown PhoP-activated gene(s). To construct an arabinose-inducible phoP-constitutive gene, the phoP gene was PCR amplified from pPC3-2 with primers JG225 and JG45, digested with enzymes HindIII and XbaI (whose sites were incorporated into the 5Ј end of primers JG225 and JG45, respectively), and ligated into vector pBAD18 (15) . Following transformation of E. coli DH5␣, the correct plasmid was identified (pPCBAD3-2). Upon transformation of the clone into various S. enterica serovar Typhimurium strains, cells were grown to mid-log phase, and arabinose was added to a concentration of 0.05 or 0.2% (both concentrations have been shown to maximally induce the pBAD promoter). Cells were harvested at time points before and after arabinose addition and examined for pag gene activation by ␤-galactosidase or alkaline phosphatase assays or for LPS modifications as described below. Upon induction of the mutant phoP with arabinose in a PhoP Ϫ background, activation of pagD was observed within minutes and peaked at 4 h (Fig. 3) . Nearly identical kinetics were observed with other PhoP-activated genes tested (data not shown). Because these kinetics are similar to those reported by GarciaVescovi et al. (9) , this finding suggests that Mg 2ϩ signaling, which is sensed by PhoQ and communicated to PhoP via a phosphotransfer event, is as efficient as altering the presence or absence of an "activated" PhoP protein.
Numerous modifications of S. enterica serovar Typhimurium LPS are controlled by PhoP (12) (13) (14) , including modification of the lipid A with 2-hydroxymyristate. PhoP-mediated modification of LPS within macrophage phagosomes is thought both to aid in resistance of the bacterium to resident antimicrobial peptides and to alter immune recognition and cytokine response (13, 35) . For modification of LPS to be effective, it must occur rapidly upon PhoP activation. To examine the kinetics of LPS modification, lipid A was isolated at various time points after activation of the mutant phoP allele with arabinose. LPS was isolated by the Mg 2ϩ -ethanol precipitation procedure as described by Darveau and Hancock (6) . Lipid A was isolated from LPS by hydrolysis in 1% SDS at pH 4.5 (4), and the fatty acids were analyzed as methyl esters by capillary gas chromotography GC with flame ionization detection as described previously (5, 30) . The identities of the individual fatty acid chains were confirmed by capillary GC with electron impact mass spectrometry. These experiments showed that, upon activation of phoP, the amount of 2-hydroxymyristate present in lipid A isolated from induced phoP mutant bacteria was two-to threefold higher than the amount present in lipid A isolated from noninduced phoP mutant bacteria. Upon induction, the amount of 2-hydroxymyristate increased rapidly, with greater than 15% of the lipid A containing this modification within 4 h, and was maintained throughout the course of the assay (Fig.  4) . Similar to the induced phoP mutant strain, the phoQ-constitutive strain (pho24) demonstrated an increase in the amount of 2-hydroxymyristate with more than 25% of the lipid A containing this modification within 4 h (data not shown). Finally, a phoP-null strain gave amounts of 2-hydroxymyristate similar to those of the noninduced phoP mutant (data not shown). These results demonstrate that pag activation and modification of lipid A with 2-hydroxymyristate occur with similar kinetics, confirming the assumption that, upon PhoPactivation, pag gene transcription, Pag enzymatic activity, and LPS modification and turnover all occur fairly rapidly. Rapid modification of the LPS is likely necessary for Salmonella's intracellular survival by providing resistance to the host's innate immune system and by altering immune system recognition of this pathogen.
The identified constitutive phoP allele will be invaluable in future work defining the PhoP-PhoQ regulon. This phoP mutant will aid in the definition of the unknown molecular events of PhoP interaction with both activated and repressed gene promoters. Furthermore, this mutant will be used to test the induction kinetics of other PhoP-PhoQ-mediated phenotypes, such as antimicrobial peptide and bile resistance, and type III-mediated secretion of proteins involved in eukaryotic cell invasion.
